We study the non-Breit-Wigner line-shape of the ψ (3770) 
Introduction
The ψ(3770) resonance is a vector state that was first detected at SPEAR [1] in 1977. The signal was fitted with a pure P -wave Breit-Wigner distribution.
More recently, the interest on this state was revived, and the parameters are nowadays fitted by the Particle Data group (PDG) as 3773.13 ± 0.35 MeV for the mass and 27.2 ± 1.0 MeV for the width [2] . According to the 'quark model review' of the PDG, the ψ(3770) resonance is classified as a 1 3 D 1 charmonium state [3] , the first one above the DD threshold, which is the reason for its relatively large width. As a consequence, besides kinematic interference, additional nonperturbative effects are expected.
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Indeed, the line-shape of the ψ(3770) resonance turned out to be quite anomalous. Although other experiments have been performed with observations in DD channel [4, 5, 6, 7, 8] , the deformation on the line-shape of the ψ(3770) was made clear by the BES Collaboration data in the e + e − annihilation to hadrons [9] . The existence of a second resonance was suggested, although 15 possible dynamical effects, generated by the DD threshold were not discarded.
A deformation of a line-shape due to the superposition of two resonances has been discussed before e.g., for the scalar kaon [10] , where, besides the dominantstate, an additional dynamically generated state arises from the continuum, the well known K * 0 (800). Such effect has not been discussed before for the vector 20 charmonium.
Various analysis of the ψ(3770) have been performed. In Refs. [11, 12] fits were computed taking into account not only the DD interference but also the tail of the ψ(2S). Such inclusion is natural since the ψ(3770) should be a mixed state |1 3 D 1 -|2 3 S 1 . In Ref.
[13], the deformation from the right side of the 25 resonance, i.e. a dip structure, is explained by the interference with the DD kinematical background which is higher for larger relative momentum. The same dip is reproduced in [11] , using DD background only, in [14] , where in addition, the continuum of light hadrons is removed, and in Refs. fraction ψ(3770) → non−DD of about 15%, a result that is not contradicted by CLEO in [18] , within errors. Predictions for such non-DD continuum were made including the tails of J/ψ and ψ(2S), τ τ and uds decays [19] , other excited ψ states [20] , the DD * channel [21] , other hadronic decays and radiative decays [12] , and final state interactions [22] , which in any case do not sum up to the value of 15%. Yet, since the phase space to DD is not excessively large, it is likely that the missing decays are simply the sum of all the many Okubo-Zweig-Iizuka (OZI)-suppressed hadronic decays, that have not been studied systematically in the theory. Estimations for the ψ(3770) production via pp annihilation are made in [23, 24, 25] , which may possibly be measured at the PANDA experiment [26] . 40 Mass estimations for the ψ(3770) have also been made on the lattice [27, 28] .
For a review of the charmonium states, see Ref. [29] .
In this work, we study the properties of the ψ(3770) by analyzing its production through electron-positron annihilation, and subsequent decay into DD pairs (for a preliminary study, see Ref. [30] ). Our starting point is a vector char- pairs. The propagator of ψ is calculated at the resummed one-loop level and fulfills unitarization requirements. Then, we perform a fit of the four parameters of our approach, i.e. the effective couplings of ψ to DD and of ψ to leptons, the mass of ψ, and a cutoff responsible for the finite dimension of the ψ meson, to the experimental cross-section of the reaction e + e − → DD in Refs. [7] and between the seed state and the mesonic loops. This is a companion pole, similar to the one found in the kaonic system in Ref. [10] .
As a consequence of the determined parameters, we also show that the cross quarkonium structure nor the orbital angular momentum mixing are explicit, since we work with mesonic degrees of freedom in the basis of total angular momentum. The effective strong Lagrangian density, for the charmonium state ψ, reads
which corresponds to the simplest interaction among ψ and its main decay products, the pseudoscalar pairs D 0D0 and D − D + , each vertex represented in Fig. 1 . In this work, we shall take into account the small mass difference between D 0 and D + , i.e. isospin breaking for the masses, but we shall keep the same coupling constant, i.e. isospin symmetry for the decays, and we define
The full Lagrangian can be found in Appendix A.
The free propagator of a vector field ψ, without any loops, with mass m ψ and momentum p, is given by
where the term in parenthesis is the sum over the three polarization states of a vector. We include the resummed one-loop effect as shown in Fig. 2 , leading to the full propagator of ψ
where Π µν (p) is the loop-function, consisting of two contributions, the D
0D0
loops and the D + D − loops. In particular, we get
where the function Σ µν (p, m),
where m is the mass of the meson circulating in the loop (either
is the four-momentum of the loop, and ξ = 4(q 2 +m 2 ) (see Appendix B for computation details). Note, in the reference frame of the decaying particle, it holds the relation
An important element for our discussion is the vertex (or cutoff) function
. This is a form-factor that is needed to account for the unknown black vertices in Fig. 1 , due to the fact that mesons are not elementary particles [32] . The cutoff function must ensure the convergence of the integral.
We choose the following Gaussian form
where the second term is built up for convenience. In the isospin limit, f Λ reduces to e −q 2 /Λ 2 . The parameter Λ, introduced in Eq. (7), is on the same level of all the other parameters of our model and will be evaluated through our q only, hence strictly valid in the rest frame of the decaying particle, covariance can be recovered by properly generalizing the vertex function, see details in
Ref. [33] 1 . However, the exponential form for the cutoff is very typical and has been used in many different approaches in hadron physics, e.g. Ref. [35] . For completeness, in Appendix C we shall also present the results for a different 105 vertex function.
We now turn back to the study of the propagator. In Appendix B, it is shown that the relevant quantity is the transverse part of the propagator that, in the rest frame of the decaying particle, and for a single loop, reads
and similarly for the sum
The scalar part of the one-loop resummed dressed propagator reads
Note, this expression of the propagator fulfills unitarity (cf. Sec. 2.4 below) and it is accurate as long as further contributions to the self-energy are small 2 .
The self-energy in Eq. (5) can either be computed through the integration 1 One can formally introduce the vertex function already at the Lagrangian level by rendering it nonlocal, see the discussion in Refs. [34, 35, 36, 32] , where it is also pointed out that the special form of the form factor is not important, as long as fast convergence is guaranteed. 2 The next contribution would be represented by a loop in which the unstable state ψ would be exchanged by D mesons circulating in the loop. Such contributions are typically very small in hadron physics, as shown for instance in Ref. [37] . In addition, one could include also other channels, such as many other possible but suppressed decays of the ψ(3770) (e.g., J/ψπ + π − , etc...), as well as subthreshold channels such as D * D + h.c. that can contribute to the real part of the propagator.
(as in Appendix B), or using dispersion relations. We follow the latter. To this end, we first decompose Σ(s, m) into its real and imaginary parts Σ(s, m) = R(s, m) + iI(s, m), R, I ∈ .
According to the optical theorem, the imaginary part I(s, m) (dispersive term)
is given by 
where the Lorentz invariant amplitudes squared, computed from L I in Eq. (1), are given by Finally, the on-shell partial and total decay widths are Γ on-shell
Γ on-shell
Once the imaginary part of the loop is known, the real part, the function R(s, m), is computed from the dispersion relation
where I(s , m) is zero below threshold. Convergence is guaranteed by the cutoff function. As we shall see in Sec. 3, the real part R(s, m) causes a distortion in the line-shape due to the continuous shifting of the physical mass of the resonance with the energy. Note, when the energy E = z is complex, the function Σ(s = z 2 , m) reads (away from the real axis):
This formula clearly shows that in the first Riemann Sheet (RS) the complex function Σ(z 2 , m) is regular everywhere on the z 2 -complex plane, besides a cut from 4m 2 to infinity. In particular, Σ(z 2 → ∞, m) → 0 in all directions 3 . Furthermore, although it is not strictly needed, since the integral in Eq. (20) is already convergent, we use the once-subtracted dispersion relation, with subtraction in point m 2 ψ , for our convenience. Hence, the total loop-function is given by
3 In order to avoid misunderstanding, we recall that, in the 1st Riemann Sheet, the function
2 . Namely, Eq. (21) implies solely that Im Σ(x 2 , m) contains e −x 2 /2Λ 2 for z 2 = x 2 being real. This fact is also clear by noticing that, while Σ(
and, the final dressed propagator of the ψ meson is
In this way, the parameter m ψ in the propagator corresponds to the mass of the particle defined as
Other definitions for the mass are possible, such as the position of the peak, or the real part of the pole, as we shall see below.
Poles
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In order to find poles, the energy E is analytically continued to the complex plane (E → z). In case of two decay channels, the Riemann surface is composed by four RSs. Poles are found in the unphysical sheet which results in the physical sheet when the energy is real and the resonance can be seen. Above both thresholds, this corresponds to the condition Im k D 0 < 0 and Im k D + < 0 when
Re E > 2m D 0 and Re E > 2m D + , i.e., the third RS. Poles are given when the denominator of the propagator in Eq. (23) is zero in the correct RS, i.e.,
where
where the subscripts I and III stand for the first and third RS 4 . While in the first RS Π 1 (z 2 ) is regular everywhere apart from the cut(s) on the real axis (see Eq. (21) and subsequent discussion), in the other RSs the imaginary part continued to complex plane, I(z 2 , m), appears. As a consequence, the
2 generates a singular point at the complex 
Coupling to leptons
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The available experimental data comes from the production process e + e − → ψ → DD (see Fig. 4 ), therefore we need to couple the state ψ(3770) to leptons.
The corresponding interaction Lagrangian is defined by
which is the simplest interaction among a massive vector field ψ and a fermion (Ψ)-antifermion pair. The coupling g ψe + e − , between ψ and the electron-positron pair, is here considered to be the same between ψ and all leptonic pairs. It is the overall strength for the annihilation of the leptonic pair l + l − into one photon, and further conversion into the ψ vector. In Eq. (27), we describe the process The corresponding decay into leptons reads 
Spectral function and cross section
The unitarized spectral function as a function of energy E, equivalent to the running mass of the ψ(3770) resonance, is given by
that has the general shape of a relativistic Breit-Wigner distribution, distorted by the loop-function Π 1 (cf. Eq. (22)). When no poles below threshold emerge, the normalization above threshold is guaranteed (unitarity):
The quantity d ψ (E)dE is interpreted as the probability that the state ψ(3770)
has a mass between E and E + dE. The cross section for e + e − → DD =
imaginary part of the propagator of the meson ψ(3770). The corresponding amplitude, leading to σ e + e − →DD , is depicted in Fig. 4 .
One also defines the partial spectral functions as [38] :
Then, the partial cross sections are given by:
Line-shapes and poles
In this section, we present our fit of Eq. (31) to experimental data and its 145 consequences, and the notable existence, position, and trajectory of two poles underlying the ψ(3770).
Fit to data and consequences
As a first necessary step, we determine the four free parameters of our model
defined in Sec. 2, by performing a fit to the cross section data for the process [39]). The fit to data is shown in Fig. 5 , and the values of the parameters in the set (37) are presented in shows that a very good description of the data is achieved.
The errors of the parameters entering the fit are estimated by the square root of the corresponding Hessian matrix (this is a result of the standard procedure according to in which one defines a new set of parameters that diagonalize the Hessian matrix, see e.g. Ref. [40] for details).
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There are various consequences of the fit that we discuss in detail: . Solid line: our result, using the parameters in Table 1 . Table 2 : Decay widths and branching ratios using Eqs. (17)- (19), for the on-shell widths, and Eqs. (38)- (40), for the average widths.
a) The value of the mass m ψ = 3773.19±0.46 MeV (corresponding to the zero of the real part of the inverse's propagator, see Eq. (24)) is in well agreement with the current PDG fit of 3773.13 ± 0.35 MeV [2] .
165 b) In Fig. 6 we present a comparison between theory and the data for the cross sections σ e + e − →D + D − and σ e + e − →D 0D0 , using the parameters in Table 1 .
The good agreement shows that the theory is able to describe the two partial cross sections separately, without the need of some extra parameter, and in agreement with isospin symmetry.
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c) The branching ratios and partial and total (DD) widths are presented in Table 2 . The partial widths, evaluated on-shell, are defined in Eqs. (17) Alternatively, one may use a different definition, cf. [32] , to obtain the partial decay widths and the full decay width to DD, by integrating over the spectral 7), using parameters in Table 1 .
The width Γ DD is the sum of the width in each channel.
function as
A somewhat naive but still useful alternative determination of the mass is the value corresponding to the peak and the half-height width:
where we estimated the error of the peak mass as ∼ 1 MeV, close to the determined error for the parameter m ψ , and the error of the distribution width as ∼ 1
MeV as well, coincident to the error for Γ DD (see Table 2 ). Table 2 , first column, are somewhat smaller. However, as visible in Fig. 7 , the corresponding function vary strongly in the energy region of interest. Moreover,
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instead of using theoretical partial widths which cannot be uniquely defined, one should stress that our approach correctly describes the data for channels above.
Another commonly used approach to circumvent all these definition prob- 
111.4 ± 3.3 111.4 ± 3.3 54.0± e) The Gaussian vertex function together with the cutoff value Λ = 272.3 ± Yet, the role of the ψ(2S) as an additional exchange in the reaction e + e − → 245 ψ(2S) → DD was not taken into account. Being ψ(2S) off-shell in the energy of interest, the propagator is expected to suppress this amplitude; moreover, also its coupling to channel DD is expected to be small, due to the form-factor.
Indeed, in Refs. [43, 44] , the ψ(2S), DD loops, and DD rescattering have been considered, leading to fits that are in good agreement with the experiment in 250
Ref. [7] . In both references the ψ(2S) contribution is quite small, in agreement with our results. However in their case the ψ(2S) was still necessary to obtain a good fit, whereas in our model it is not. Note, in Refs. [43, 44] the pole structure was not examined.
g) In this work we did not consider a four-leg interaction process of the type 255 DD → DD, that can be formally described by a four-vertex proportional to
Such a rescattering describes elastic scattering, induced by a direct four-body interaction, and also as an effective description of various t-channel exchanges between DD. Our model can describe properly the data without this contribution, hence the inclusion of a four-leg interaction is not 260 needed to improve the agreement with the data. This does not necessarily mean that its magnitude is small, but simply that one can hardly disentangle its role from the DD-loops that we have considered in our approach. In addition, there is a more formal point that should be taken into account: one can in principle redefine the field
, where α is a parameter on 265 which no physical quantity should depend on [45, 46] . The redefinition would however lead to some rescattering terms. Of course, the independence on the field redefinition can be fully accomplished only if one could solve the theory exactly, since in any approximation scheme differences would still persist at a given order. In conclusion, the study of a four-leg interaction term (as well as
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other effects such as the mixing with ψ(2S)) should be performed when more precise data will be available.
h) Here, we discuss more closely the differences between our work and the one in Ref. [43] . The main difference is the treatment of the propagator of the does not lead to a normalized spectral function. Moreover, the real part of the self-energy depends on an additional subtraction constant µ (linked to the regularization of the loop in Ref. [43] , hence ultimately corresponding to our 280 cutoff Λ). When µ is set to zero (their so-called minimal subtraction scheme) the real part of the self energy simply vanishes (hence, it is trivial). When µ is different from zero, the real part also grows indefinitely for increasing s.
Indeed, in the approach of Ref. [43] , the propagator of ψ(3770) is not enough to describe data, also when the rescattering is present; the inclusion of the ψ(2S) 285 state is necessary. Hence, our approach is different under many aspects: since it contains a fully consistent treatment of DD loops, the dispersion relations are fulfilled and the normalization of the spectral function is naturally obtained.
In this way, nontrivial effects which modify the form of the spectral function automatically arise. Moreover, in our case neither the ψ(2S) nor the rescattering 290 are needed to describe the data, hence the physical picture of the two models is rather different. In conclusion, the fit in Ref. [43] is performed with six parameters (repeated for different values of the subtraction constant µ, for a total of seven), while we use only 4. Both approaches can describe data: in the future, better data are needed to understand which effects are more important.
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Our work suggests that the nearbyDD threshold andDD loops are necessary to correctly understand the ψ(3770 approach) and they are found to be important for a proper description of the ψ(3770).
Pole positions
As renowned, a theoretically (and lately experimentally as well, see e.g. the f 0 (500) in PDG) stable approach to describe unstable states is based on the determination of the position of the corresponding poles. In the present case, one obtains, quite remarkably, two poles on the III Riemann Sheet. As seen in Sec. 2.2, this is the sheet relevant for a system with two decay channels at energy above both thresholds. In the isospin limit, the III RS reduces to the usual II RS. In the following, the indeterminacy of the pole masses is estimated to be ∼ 1.0 MeV, close to the error obtained for the parameter m ψ , and the indeterminacy of the pole width(s) as ∼ 1.0 MeV, coincident with the error for Γ DD (see Table 2 ). In fact, the errors of these strictly correlated quantities must have a similar magnitude. The closest pole to the Riemann axis reads: 
which agrees quite well with the PDG values [2] . This pole is closely related to the seed charmonium state and to the position and width of the peak. Furthermore, a second broader pole appears at lower energy:
This pole is dynamically generated, and it is related to the the deformation of the signal on the left side. It is also referred to as a companion pole emergent 315 due to the strong dynamics. The situation is very much reminiscent of the light scalar κ state at lower energy, which was interpreted as a dynamically generated companion pole of K * 0 in Refs. [10, 33] . For additional recent works on this state, see Refs. [47, 48] , and references therein. This similarity is interesting also in view of an important difference between the two systems: the decay of 320 a scalar kaon into two pseudoscalars is a s-wave (Γ ∼ k) while that of a vector charmonium into two pseudoscalars is a p-wave (Γ ∼ k 3 ).
We mention again Appendix C, where a different form factor is used. The results turn out to be very similar and also in that case two poles, very close to the ones discussed here, are found.
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No other poles could be numerically found in the complex plane. As dis- 
Pole Trajectories
Here we study the effect of varying the coupling constant over the line-shape and over the pole positions. We defineg = λg ψDD as the variable parameter
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(upon varying the scaling factor λ) and let g ≡ g ψDD be fixed to the value in Table 1 . In Quantum Chromodynamics (QCD), a change in such coupling is equivalent to vary the number of colors according to the scaling
Results are shown in Fig. 8 for the cross-section, and in Table 4 for pole positions.
The pole trajectories, as a function ofg, are depicted in Fig. 9 . As expected,
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asg decreases, the cross section approaches a Breit-Wigner-like shape, see case whereg = 0.7g in Fig. 8 . Figure 9 shows that, asg gets smaller, the first pole, from the seed, gets closer to the real axis, while the second pole, dynamically generated, moves deeper in the complex plane until it disappears at the D
0D0
threshold for a certain critical value, in this caseg < 26.9 (corresponding to 355 N c = 3.9). On the contrary, wheng increases, the first pole runs away from Table 1 . See corresponding poles in Table 4 .
.4 3741.0 − i9.5 Pole 2 3773.7 − i5.5 3777.0 − i12.3 3785.0 − i17.1 Table 4 : Variation in the poles position with the couplingg, for parameters in Table 1 (cf. Fig. 8 ).
the real axis, while the second pole approaches it. Eventually, the dynamically generated pole gets even closer to the real axis than the seed pole, as it is shown for the case whereg = 1.3g. For such a value ofg (or larger), the second pole originates a second peak in the line-shape (see Fig. 8 ). 
Summary, Conclusions, and Perspectives
Vector mesons can be produced by a single virtual photon, hence they play a crucial role in the experimental study of QCD. The renowned charmonium vector state J/ψ opened a new era in hadron physics and it is one of the best studied resonances (cf. [2] ). Here, we have focused on an orbital excitation of 365 the J/ψ, the meson ψ(3770), whose mass lies just above the DD threshold. For 
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In this work, we presented an unitarized effective Lagrangian model, with one barecc orbital seed state ψ dressed by DD mesonic loops, that has never been employed before to this system. In particular, our model accounts for one-
contributions by fulfilling unitarity of the spectral function.
Using four parameters only, we obtain a satisfactory fit to the DD cross-section are not taken into account, since our fit is already very good without them (this represents a difference with Ref. [43] , where these terms were necessary to 385 describe data but where the normalization of the spectral function of ψ (3770) was not guaranteed). The detailed study of the role of these additional effects within our framework needs more precise data and is left for the future.
An important result of our work is the evaluation of two poles at 3777 − i12 and 3741 − i19, the first is a standard seed pole, very close to the one which might emerge as dynamically generated states.
where in the first line the definition V µν = ∂ µ ψ ν − ∂ ν ψ µ has been implemented, and the interaction terms in Eq. (A.3) are given by Eqs. (1) and (27) .
Appendix B. Details of the Loop Function
435
Here, we derive the propagator of the vector resonance ψ dressed by DD loops. The considerations are however general, and they can be applied to loops of each vector state. Using the shortening notations
we decompose the tensor loop contribution Σ µν (p, m) in its transverse and longitudinal parts (see e.g. Ref. [58] ):
Then, multiplying by g µν and p µ p ν , respectively, we get:
where we have used
The final result reads
where it is evident that the first part contains the properties of the unstable state.
Appendix C. Using a different Cutoff Function
The use of an exponential vertex function is a typical choice in hadron physics. (It is also used as a form factor in various phenomenological approaches [3, 42] . Yet, for completeness, we test here a different cutoff function, chosen as:
where ξ = 4(q 2 + m 2 ), m being the mass of the particle circulating in the loop. 
where A 0 , A 1 , and A 2 are a convenient rewriting of the three subtraction con-
are the tree-level decay widths obtained from the Lagrangian of Eq. (1) (without any form factor, hence valid in the local limit), and the real parts read We then performed a fit to data involving the following four parameters: m ψ , g ψDD , A 2 , and g ψe + e − . Roughly speaking, the constant A 2 replaces the cutoff Λ. The results for this set-up are not satisfactory. One obtains various local minima for the χ 2 of the order of 220 (hence, χ 2 /d.o.f 22, which in practice means that no reasonable description of data is obtained).
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Notice that the three-time subtracted dispersion relation is not equivalent, within our treatment, to a hard cutoff. Namely, such a hard cutoff would imply that the spectral function d ψ(3770) (m) is proportional to θ(q 2 − Λ 2 ). In this way the normalization condition of Eq. (30) would still be fulfilled (at the price of having a rather unphysical behavior of the spectral function, which goes 495 abruptly to zero above a certain energy threshold). However, such a procedure is clearly different from the here presented dispersion relation, in which the imaginary part of the propagator is nonzero for any value of √ s above the threshold.
An equivalence of the treatments can be achieved only when considering the cutoff Λ as a very large number: but, as we explained in the text, we regard the 500 cutoff function as a physical quantity describing the finite dimension of mesons and their interactions (in fact, a similar cutoff function emerges in the context of the microscopic 3 P 0 model) and we do not consider the limit Λ → ∞.
Moreover, even if a hard cutoff is not physical for the treatment of the ψ(3770), it was used in various studies and is also capable to generate additional 505 poles, as long as its value is finite and of the same order of (or not much larger than) the energy scale of the system (see Ref. [32] and Refs. therein). In fact, when Λ is finite, the real part is not a simple constant and additional nontrivial features of the propagator appear.
In conclusion, the negative result of the three-time subtracted dispersion 510 relation is nevertheless instructive, since it shows that a form factor which takes into account the finite dimensions of mesons and of their interactions seems to represent a rather physical feature needed for a correct description of DD loops. 
